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Hypoxia at high altitude could depress cardiac function and decrease exercise capacity. If so, impaired cardiac function should occur with the extreme, chronic hypoxemia of the 40-day simulated climb of Mt. Everest (8840m, PB 240 mmHg, PIO 2 43 mmHg).
In the five subjects having resting and exercise measurements at the barometric pressures of 760 (sea level), 347 (6100 m), 282 (7620m), and 240 mmHg, heart rate for a given oxygen uptake rose with the progressive hypoxia. Slight (6 beats/min) slowing of the heart rate occurred only during exercise, with arterial blood oxygen saturations below 50%. Oxygen breathing reversed hypoxemia but never increased heart rate, suggesting that depression of rate, if present, was slight. For a given oxygen uptake, cardiac output was maintained. The decrease in stroke volume appeared to reflect decreased ventricular filling i.e., decreased right atrial and wedge pressures. Oxygen breathing did not increase stroke volume for a given filling pressure. We concluded that extreme, chronic hypoxemia caused little or no impairment of cardiac rate and pump functions.
given oxygen uptake rose with the progressive hypoxia.
Slight (6 beats/min) slowing of the heart rate occurred only during exercise, with arterial blood oxygen saturations below 50%. Oxygen breathing reversed hypoxemia but never increased heart rate, suggesting that depression of rate, if present, was slight. For a given oxygen uptake, cardiac output was maintained. The decrease in stroke volume appeared to reflect decreased ventricular filling i.e., decreased right atrial and wedge pressures. Oxygen breathing did not increase stroke volume for a given filling pressure. indicate whether or not the human heart functions normally at, or near the limits of tolerance to chronic hypoxia. Such information would be useful in understanding the capacity for adaptation to hypoxia of the normal human heart and for providing insight into changes expected in disease states.
Methods
Our strategy wa-s to measure rest and exercise stroke volumes and heart rates, during a simulated climb of Mt. Everest. If there were hypaxic depression of the heart rate, then one might expect: a) depressed heart rates for a given oxygen uptake, b) failure of the normal increase in heart rate 66p 4 during exercise, and c) increased heart rates with removal hypoxia. If marked hypoxic depression of stroke volume occurred, then a decrease in stroke volume at a given ventricular filling pressure should be seen, and the decrease might be reversed by oxygen breathing. As previously described, the use of the altitude chamber in this multidisciplinary study allowed the subjects to be decompressed during 6 weeks of acclimatization where measurements were made with relative safety and good environmental control. The exercise intensity was measured in terms of both physical work and oxygen uptake. Oxygen uptakes at submaximal work loads were compared to maximum uptake reported by Cymerman et al. The subjects were 8 healthy volunteers age 21 to 31 years.
Their physical characteristics, details of the study protocol and the cardiac catheterization procedure, and the description of the altitude chamber, are in other reports Comparisons between pairs is by paired t test, and between groups is by two-way analysis of variance for equal sample sizes. Relationships between two variables was by linear regression. For sequential exercise levels of increasing intensity, the relation between heart rate and oxygen uptake was assessed by linear regression for each individual. The resultant slopes and y intercepts were averaged to obtain the average linear regression for the group. Differences between groups or correlation coefficients were considered significant when p < 0.05.
Results
Individuals, reported by exercise intensity, Tables 1, 2, and 3, had similar relative exertions as indicated by oxygen uptake as a per cent of maximum. Heart rates, for an absolute oxygen uptake were higher at reduced barometric pressures (Ps) than at sea level, Table 4 , Figure 2 . In 5 subjects where the heart rate during an exercise was examined as barometric pressure fell, Figure 3 , rest and exercise heart rates progressively rose. Heart rate rose rapidly during the first 30 sec of exercise at all barometric pressures, Figure 3 . At Ps 760, 347, and 282 mmHg, the average heart rates at 2 min of exercise were equal to, or higher than, the 30 sec value. However, at P.
240, the 30 sec measuremeit represented the maximal heart o9 7 rate, and by 2 min the rate had fallen in all 5 subjects (mean change, -6 beats/min).
Arterial oxygen saturations remained high during exercise at sea level. With increasing altitude resting saturation progressively decreased. Saturations fell further with exercise, Figure 3 . At 30 sec of exercise at P. 240, the time of the peak heart rate, the saturations by ear oximetry averaged 45%, Figure 3 , and when the heart rate had fallen at 2 min, they averaged 40% (equivalent to directly measured saturation of 50%, and PaO2 of only 27 mmHg (22). Oxygen breathing decreased the resting heart rate at Ps 282 and 240 mmHg, and decreased the exercise heart rates at Ps 347 and 282, Table 5 . One subject was given oxygen during exercise at P. 240, and in him, oxygen did not increase heart rate.
To determine whether the heart rates during maximal exercise at high altitude were appropriate for the work which could be accomplished, we compared the heart rates at maximum oxygen uptakes as reported by Cymerman et al. (7), with those during submaximal exercise at sea level, Figure 4 .
There was a stronrg correlation between the maximum oxygen uptake and the simultaneously measured heart rate. At the reduced barometric pressures, the heart rates at maximum oxygen uptake exceed-ed the heart rates at sea level fora given oxygen uptake, Figure 4 .
At all barometric pressures studied, cardiac output increased progressively as exercise intensity increased, Tables 1, 2 , and 3. Also at all barometric pressures, cardiac output values, for a given oxygen uptake, were not less than those at sea level, Figure 5A . However, for a given heart rate, cardiac output values were lower at the reduced barometric pressures, Figure 5B .
Stroke volume at sea level increased sharply from rest to 60 watt exercise, but heavier exercise caused little further increase, Table 1 
Discussion
The main findings in the normal volunteers of the present study were that heart rate for a given oxygen uptake and stroke volume for a given right atrial or wedge pressure,
were well preserved at simulated high altitude near the limits of human tolerance to chronic hypoxia. The heart rates were accurate, being taken directly from the recording paper. The thermodilution measurements of cardiac output agreed well with two independent measurements of cardiac output using the Fick method (11). The intravascular pressures were directly measured and the reference zero was repeatedly checked relative to the transducer and to the subject's position. The decreased wedge pressures we observed at high altitude were consistent with the decreased left ventricular volumes independently measured using 2 diinensional echocardiography (21) in these subjects. From the above, we considered that the main findings in the present study were based on reliable measurements of heart rate, cardiac output, and intravasculit pressures.
At re-st, the finding that the resting rate increased with increasing altitude, indicated net stimulatory effects of 
II-
rate because with increasing altitude, the hypoxemia became severe and the heart rate decreased when the hypoxemia was relieved by oxygen. During submaximal exercise, the prompt rise in heart rate and the finding of the highest rate at the highest altitude, was compatible with a normal rate function in the absence of hypoxic depression. Had there been marked hypoxic depression of the heart rate, one would have expected a rise in rate with oxygen breathing, whereas the rates fell. However, the small fall in heart rate near the end of exercise at the highest altitude suggested there may have been some rate depression. A similar observation was reported in one subject exercising at 5800 m (18). Both in this subject and in our subjects, a role for hypoxia was suggested in that the decrease in heart rate during exercise only occurred with severe hypoxia. Hypoxic depression of the heart rate, if present, was of modest degree, and occurred only with severe hypoxemia.
The fall in maximum oxygen uptake may be relatively in e ied ent of heart rate. At 4300m para-sympathetic e9* blockade with atropine increased the heart rate during p maximal exercise from 165 to 176 (13), and beta-adrenergic blokade with propranolol decreased rate from 178 to 135 (17), but neither maneuver altered maximal oxygen uptake.
Maintained maximum oxygen uptake for such a wide range of heart rates, suggests that rate may not be an important determinant of maximum oxygen uptake at 4300m, if compensatory changes in stroke volume can occur.
Usually, the increased heart rate at high altitude has been accompanied by a decreased stroke volume (1,2,12,18). Our measurements indicated that the decrease in stroke volume was offset by the increase in heart rate, even during 
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was always between 10 and 14 mmHg (22), values lower than those reported from the coronary sinus at 3100m (9). One expects the coronary sinus POz in our subjects to be as low or lower than the mixed venous blood. If both rate and contractile functions of the heart were maintained, then the heart must have been able, not only to tolerate, but also to function well, under extraordinary hypoxic conditions.
Presumably, if the normal heart can adapt to such hypoxia, then similar mechanisms may be available in heart disease where the oxygen supply is limited.
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